Urinary catheters are common medical devices, whose main function is to drain the bladder. Although they improve patients' quality of life, catheter placement predisposes the patient to develop a catheter-associated urinary tract infection (CAUTI). The catheter is used by pathogens as a platform for colonization and biofilm formation, leading to bacteriuria and increasing the risk of developing secondary bloodstream infections. In an effort to prevent microbial colonization, several catheter modifications have been made ranging from introduction of antimicrobial compounds to antifouling coatings. In this review, we discuss the effectiveness of different coatings in preventing catheter colonization in vitro and in vivo, the challenges in fighting CAUTIs, and novel approaches targeting host-catheter-microbe interactions.
Introduction
The use of modern medical devices has revolutionized medical treatments, helping and improving quality of life for people with chronic and lifestyle diseases. Paradoxically, although these devices are successful in achieving their purpose, they often predispose the patient to infections. Indwelling urinary catheters are one of the most frequently used invasive medical devices [1] [2] [3] [4] . The function of urinary catheters is to safely drain the urine from the bladder for short-or long-periods of time [5] [6] [7] . It is estimated that 100 million urinary catheters are sold worldwide each year [2] and more than 30 million are used annually in the United States [2, 8, 9] . This is reflected by the fact that that catheterization rates remain high at 20% in non-intensive care units (ICUs) and 61% in the ICU [10, 11] . They are commonly used in patients that are comatose, incontinent, have neurogenic bladder, spinal cord injury, urine flow obstruction (enlarged prostate), or acute urinary retention. Urinary catheters are also common in patients that are anesthetized or sedated that will be undergoing surgical procedures including urogenital surgeries, cesarean sections, hysterectomies, laparoscopy, orthopedic procedures, etc. [12] [13] [14] [15] .
Unfortunately, hospitalized patients are at risk of development of catheter-associated bacteriuria just by placement of the urinary catheter, increasing the risk 3%-6% per day that the catheter is in place [16] . By 7-10 days of catheterization, 50% of hospitalized patients will have developed an infection. Catheter-associated urinary tract infections (CAUTIs) are a major threat to public health since they are the most common hospital-acquired infection worldwide, accounting for 40% of them, and leading to bloodstream infections with 30% mortality [17, 18] . Great efforts have been made to prevent and manage CAUTI [12] , a few of those strategies includes reducing usage and minimizing catheter dwell time [13, 19] . These prevention methods appear to reduce incidence of CAUTI [13] . However, despite these preventive efforts, management of CAUTI is difficult since the microbial pathogens: (1) are able to form biofilms (microbial communities embedded in a self-produced polymeric matrix) on the surface of the catheter, protecting themselves against both antibiotics and the patient's immune system [20] ; and (2) are becoming resistant to antibiotics [6, 7, [20] [21] [22] [23] [24] [25] .
Ongoing efforts to control CAUTI have been focused in preventing microbial colonization and biofilm formation by coating the surface of the catheter with bactericidal molecules (primarily focused on antimicrobials) or anti-fouling formulations (prevention of microbial attachment) [15, 24, 26] . Here we will review and contrast the efficiency of the different coatings in vitro, in animal models of CAUTI, and clinical trials. Furthermore, we will discuss the current challenges, the role of the host response to urinary catheterization, and new strategies based on the host-catheter-microbe interactions.
Indwelling Urinary Catheter Materials
Several materials have been used to develop standard urinary catheters including silicone (polydimethylsiloxane (PDMS)), latex, polyvinyl chloride (PVC), plastic, siliconized latex, silicone elastomers, polytetrafluoroethylene (PTFE)-coated latex, hydrogel-coated latex, and hydrogel-and hydrophilic polymer-coated latex [27, 28] . The catheter material selection is based on the requirements of the patient. For example, silicone material will be used in those patients with latex allergies and those patients that present latex cytotoxicity [29] . Silicone catheters are also preferred over latex for their superior non-allergenic and flow properties as well as their resistance to kinking [5, 30] . Additionally, the Center for Disease Control and Prevention (CDC) recommends silicone over other catheter materials for patients with frequent obstruction [12] . The CDC also recommends to those patients that require intermittent catheterization to use hydrophilic catheters over standard catheters to reduce urethral micro trauma [12, 31] .
Despite the variety of materials, urinary pathogens are still able to colonize the catheter and cause infections. To prevent microbial colonization and biofilm formation, urinary catheter materials have been modified by adding anti-fouling or bactericidal coatings [32] . An ideal coating agent should possess high anti-biofilm/antimicrobial efficacy and be easily and economically conjugated to the catheter surface [33] . On top of this, it needs to be biocompatible and not cause an increase in patient discomfort [15] . Below we will discuss the different surface modifications and their efficacy.
Approaches to Restriction of CAUTI by Inhibition of Microbial Adhesion, Biofilm Formation, and Growth with no Killing Activity
Anti-fouling modifications do not harm the microbes, they simply repel them thus, preventing establishment in the bladder or on the catheter and formation of biofilms. Polymer modifications make up a large section of research regarding antifouling properties of surfaces [15] . For catheter coating research, catheter materials can have antifouling properties themselves and/or serve as a scaffold for impregnation or attachment of biocidal molecules. There are several anti-fouling catheters including those coated with hydrogels (most popular) [27, 28] , poly(tetrafluoroethylene) [34] [35] [36] [37] [38] , polyzwitterions [39] [40] [41] , and poly(ethylene glycol) [42] [43] [44] [45] [46] . Furthermore, surface topography modification [47] [48] [49] [50] and enzymes-immobilized coatings [51] [52] [53] [54] [55] [56] [57] [58] have been explored for prevention of microbial colonization and biofilm formation. These polymers and modifications are discussed in detail in this section.
Hydrogel
Hydrogels are a group of insoluble, swellable, hydrophilic polymers. When fully swollen they are composed of a significant amount of water (up to 99%) but also display solid-like properties, which provide desirable characteristics such as increased mechanical strength, all properties ideal for catheter materials [59] . Swelling of hydrogels forms a hydration layer on the catheter surface, which increases hydrophilicity and establishes a barrier to inhibit nonspecific protein adsorption. While the hydrophilicity of the coating is believed to be its antifouling mechanism, in practice the efficacy of the catheters have varied. For example, a clinical trial of males with an average catheterization length of 2.2 days, compared three types of catheters: (1) siliconized latex, (2) pure silicone, and (3) hydrogel-coated silicone. The results showed that pure silicone had the lowest urethral inflammation by immune cell count and fully resisted encrustation while hydrogel catheters successfully reduced encrustation of the catheter [27, 60] . Contrary to the previous study, a separate clinical trial of 226 patients comparing hydrogel-coated and silicone-coated catheters showed no measured difference between the two groups in preventing incidence of nosocomial CAUTIs [61] . Furthermore, in an in vitro assay, hydrogel catheters were tested against Proteus mirabilis growth and encrustation of the catheter, showing that the hydrogel coating actually increased the rate of catheter blockage [39] .
Poly(Tetralfouroethalene) (PTFE) Coating
PTFE-coated catheters, also known as Teflon-coated catheters, are commercially available from Bard Medical. Teflon has excellent non-stick properties via a low coefficient of friction, making it an optimal candidate for resisting bacterial colonization [34] ; however, despite their desirable properties clinical data have shown that other coatings are better at preventing blockage and biofilm formation. For example, a clinical trial looking at the difference in blockage between (1) commercially available silicone, (2) silicone-coated, (3) teflon-coated, and (4) latex catheters that were placed for 14 days showed the silicone catheter had significantly lower blockage over latex and teflon-coated catheters [35] . In another test, teflon-coated catheters were compared with hydrogel-coated and silicon catheters for their ability to prevent bacterial adherence and reduce mucosal irritation. This study showed that hydrogel was superior over the teflon-coated or silicone catheters, since it had the lowest degree of bacterial adherence and mucosal irritation among these products [36] . Interestingly, in some studies teflon-coated catheters have been used as a standard control for antibiotic-coated catheters such as silver-coated and nitrofurazone-coated [37, 38] .
Polyzwitterions Coatings
Polyzwitterions are a good example of a modification that results in repulsion of microbes using low surface energies. These polymers have equal positive and negative charges, resulting in a neutrally charged molecule, which affects the Gibbs free energy resulting in a hydrophilic layer that repels bacteria binding [45] . A study, using an in vitro bladder model, evaluated the ability of the zwitterionic polymer (2-methacryloloxyethylphosphorylcholine co-polymerized with long-chain alkyl methacrylates)-coated catheters to repel P. mirabilis colonization. The results showed that this modification could neither repel nor prevent P. mirabilis attachment or biofilm formation nor encrustation of the catheter by calcium and magnesium deposits on either silicone or latex based modified catheters [40] .
Poly(sulfobetaine methacrylate) (PSBMA) polymers have been used to modify silicone (PDMS) catheters. A study tested PSBMA ability to reduce biofilm formation in an in vitro bladder-catheterization model. In this study, a silicone catheter was modified in sections some containing PSBMA and others not. The result showed that the reduction of Pseudomonas aeruginosa and Staphylococcus aureus biofilm was dependent on the PSBMA-modified section [41] .
Currently, polyzwitterions coatings require additional research to characterize their antifouling activity and effectivity in reducing microbial colonization.
Poly(Ethylene Glycol) (PEG)-Coatings
PEG-coatings are attractive because of their nonimmunogenic, nonantigenicity, and protein repellent properties [42] . It has been demonstrated that PEG's polymeric brush layers are able to block the long-range attractive forces of interaction between bacteria and substrates as well as introduce repulsive steric effects [62] . An in vitro study looked at PEG as an antifoulant in combination with a polycarbonate brush containing dopamine (to act as an anchor) and antibacterial cations coated onto silicone. The results showed that PEG-antimicrobial-coating had both antifouling and antimicrobial properties against S. aureus and Escherichia coli [46] . Another in vitro study investigated the ability of PEG to block bacterial adhesion, finding that PEG inhibited E. coli bacterial adhesion on polyurethane surfaces but was unsuccessful against Staphylococcus epidermidis attachment. However, S. epidermidis showed inconsistent binding to the surface, this variability was attributable to the culture media used. Despite the fact that urine would be the most accurate medium to test, this study only used laboratory defined-media [44] . In addition to PEG antifouling properties, PEG has been used as a mechanism of impregnating catheters with chlorhexidine, a known disinfectant and antiseptic [63] . Based on these studies, PEG seems to be a good antifouling candidate to test in vivo.
Surface Topography Modifications
Modifications to the topography of surfaces have been applied with the goal to decrease bacterial adhesion [48] . Many of these modifications have been inspired by nature; for example, mimicking surfaces such as sharkskin, gecko feet, and flower peddles, which naturally discourage biofilm formation [47] . One in vitro study explored the effects of micro-and nanoscale topography on bacterial attachment. Here, the authors tested four distinct topographies against attachment of E. coli, Listeria innocua, and Pseudomonas fluorescens grown in Tryptic Soy Broth (TSB) media under static conditions. They found that micro-and nanoscale patterning decrease biofilm formation in all bacterial strains. However, there was no universal relationship between the surface topography and biofilm inhibition. Additionally, the attachment to the different surfaces varied with each strain. Although not directly tested in the context of urinary catheter, these surface modifications show potential for such an application [47, 49] .
Another in vitro study investigated the impact of sharklet micropatterned surfaces with the goal to create a material that will reduce the risk of CAUTI. In this study, the authors tested three sharklet micropatterned silicone pieces against uropathogenic E. coli colonization and migration. For assessing bacterial colonization, E. coli was grown to log phase in either TSB media or artificial urine, then modified silicones were immerged in the bacterial solution and incubated for different time points. All three modifications reduced bacterial binding up to 47%. In addition, these modifications reduced E. coli movement in an agar migration assay by more than 80%. From these results, the authors concluded that the sharklet micropatterns are an option for preventing CAUTI [50] .
Although surface topography modifications show efficiency in vitro, it is important to test them in vivo since urinary catheterization induces an inflammation response causing urothelial cell exfoliation and releasing serum proteins [64] [65] [66] , which may cover these modifications affecting their function.
Enzymes
A variety of host enzymes have been tested for antibiotic activity through diverse mechanisms, including quorum quenching, hydrolytic bonds, and reversible bonds. In this section, we will review the role of acylase, cellobiose dehydrogenase, α-chymotrypsin, glycoside hydrolases, and their activity against bacterial catheter colonization.
Acylase
Quorum quenching activity is not bactericidal but inhibits biofilm formation; thus, the potential for drug resistance development is minimal. Quorum quenching was tested by using a combination of alpha-amylase and acylase [28] . Alpha-amylase interferes with assembly of the extracellular matrix and the acylase interferes with quorum signaling by degrading the small signaling molecules and disrupting the microbes' ability to communicate with its neighbor to form biofilms. When tested in vitro, this coating was able to reduce P. aeruginosa biofilms by over 40%, S. aureus biofilms by over 30% and co-cultured biofilms by over 50%, although planktonic growth was not inhibited. In vivo biofilm formation on the catheter's balloon section was decreased by 90%, although this was not seen in the lumen of the catheter. Furthermore, the quorum quenching action of acylase alone on catheter material was confirmed in a later study by the same group [56] .
Cellobiose Dehydrogenase (CDH)
CDH is an antimicrobial enzyme able to use various oligosaccharides as electron donors to produce hydrogen peroxide, which is a well-known antimicrobial agent. CDH was immobilized on the surface of silicone, its stability was assessed in urine showing that hydrogen peroxide was released for over 16 days and that inhibit S. aureus biofilm formation [58] . Another study attached CDH nanoparticle layers onto silicone's surface by applying ultrasonic waves. This CDH-coated silicone surfaces were tested against S. aureus, finding that the attached CDH produced 18 µM of hydrogen peroxide within 2 h, which was sufficient to significantly reduce the amount of viable S. aureus as well as reducing attachment to the surface [43] .
α-Chymotrypsin (α-CT)
α-CT is a serine endopeptidase that cleaves peptide bonds by attacking the unreactive carbonyl group [52] . Based on the properties of α-CT, Catto and collaborators assessed whether α-CT will disrupt biofilm formation [55] since biofilm matrix consists of proteins, extracellular DNA, and polysaccharides [67] . In this in vitro study, α-CT was covalently immobilized on a low-density polyethylene (LDPE) pieces and incubated with LB media containing E. coli MG1655 in a CDC biofilm reactor with continuous stirring. They found that the LDPE-α-CT significantly reduced the number of adherent cells, affecting the biofilm thickness, roughness and coverage. Additionally, the bio-volume of the polysaccharide matrix decreased. The authors conclude that the anti-biofilm properties of LDPE-α-CT may potentiate the activity of antimicrobials since the majority of the population would be in a planktonic form [55] .
Exopolysaccharide-Specific Glycoside Hydrolase
Exopolysaccharides are a crucial component of bacterial biofilm development and architecture, providing protection against antibacterial agents and host immune defense [67] . Glycoside hydrolases (Ghs) selectively target and hydrolyze the glycosidic bonds of exopolysaccharide components of the biofilm matrix [54] . Based on its properties, Ghs have been proposed as anti-biofilm agents [54, 57] . Baker and collaborators evaluated Ghs potential as treatment against Pseudomonas aeruginosa biofilm formation. Overnight cultures of P. aeruginosa PAO1 and other clinical strains were diluted in Luria-Bertani (LB) media; then the diluted cultures were added to sterile 96-well polystyrene microtiter plates and incubated for 24 h under static conditions. Different concentrations of Ghs were added at time 0 or in established biofilms, showing prevention or disruption of biofilm formation, respectively. Furthermore, they found that Ghs potentiate antibiotics and ameliorate human neutrophil killing [54] . Another group used Ghs as a new anti-fouling coating against P. aeruginosa biofilms [53] . They used a specific Ghs that targets Psl, a neutral exopolysaccharide, and covalently immobilized it to silica glass, PDMS, and polystyrene (PS) surfaces. To assess biofilm formation P. aeruginosa PAO1 were grown statically on the PslGh-immobilized surfaces and non-treated surfaces at different time points up to 8 days. They found that PslGhs was able to reduce 3-logs in the surface associated bacteria. The authors concluded that these results have significant implications for surface design of medical devices since it keeps bacteria in a planktonic state, where they are susceptible to antimicrobials [53] .
In conclusion, from all these antifouling surfaces, only hydrogel-and PTFE-coated catheters have been tested in clinical trials, yielding contradictory results. However, despite the hydrogel's contradictory results, their commercial availability has made them popular as a base for antimicrobial impregnation [27, 28] . In many clinical trials, hydrogel catheters are used as the control or the standard of care catheter presumably because that was the type of catheter the hospital was using at that time [27, 28] . Hydrogel catheters have being impregnated with silver molecules, bacteriophages, liposomes containing antibiotics, among others [27, 60, 61, [68] [69] [70] [71] . Furthermore, hydrogel silver-coated catheters have been commonly used in hospital settings [28] but like many of the coatings discussed in this review, evidence for their efficacy is uncertain.
Overall, despite the promising in vitro results from polyzwitterion and PEG polymers, surface topography modification and enzymes-coated surface, the modification need to be tested in an animal model of CAUTI to validate their efficacy.
Approaches to Restriction of CAUTI by Antimicrobial Coatings
Antimicrobials have been the most popular coating and make up the majority of recent research due to their ability to target microbes in a variety of ways, which can be summarized into five broad functions: (1) inhibition of cell wall synthesis; (2) inhibition of protein synthesis; (3) inhibition of nucleic acid synthesis; (4) targeting cell membrane sterols; and (5) inhibition of unique metabolic steps [15, 28] . Within each of these groups are unique antimicrobials that target conserved factors among all bacterial species or target factors for specific bacterial strains. Ideally, the perfect catheter material would contain an antimicrobial that targets the majority of the pathogens but this comes with challenges as conserved targets between bacterial species are often found in mammalian cells as well, having the risk to cause side effects in the patient.
The most popular antimicrobials include metal ions, antibiotics, and nitric oxide; however, new groups of catheter coatings are becoming relevant including antimicrobial peptides, bacteriophages, natural bioactive molecules, and microbe responsive coatings. Even though there is an extensive list of potential coatings/modifications for urinary catheters, this section will focus on modifications that have already been tested specifically for use in urinary catheters in vitro and/or in vivo.
Metal-Based Approaches

Silver Ions
Silver ions are the most popular clinically tested and available coating for urinary catheters yet the effectiveness of them is still debatable due to vast differences in outcomes in vitro, in animal models and in clinical trials studies [34, 51, [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] . The mechanisms by which silver is toxic to bacteria include disruption of the membrane, proteins, and by inducing oxidative stress through the release of silver ions into the bladder [15] .
In Vitro Studies:
Silver-coated catheters have been studied in vitro using a variety of assays, including zone of inhibition, broth diffusion (put the catheter in inoculated broth and determined how long it visibly inhibited growth), and biofilm formation. Here are some examples of in vitro assessments of silver-coated catheter effectiveness. A study compared E. coli and E. faecalis binding to commercially available silver-silicone-hydrogel, nitrofurazone-silicone, silicone-hydrogel, pure silicone, silver-latex-hydrogel, and latex-hydrogel catheters. Catheter pieces (6.5 cm) were incubated in sterile laboratory media for 0, 3, 5, 7, or 10 days, then the integrity of the coatings was tested by incubating with E. coli or E. faecalis in broth for 18 h. They found that silver-coated catheters had no significant effect on bacterial adherence in this model while nitrofurazone-coated pieces significantly decreased bacterial binding. These results do not support a role for silver urinary catheters to prevent CAUTI by decreasing bacterial adherence [74] .
Another study compared silver-coated catheters to sparfloxacin-coated and uncoated siliconized latex catheters for their efficacy in growth inhibition and biofilm formation of E. coli, S. aureus, and S. epidermidis for 72 h. Results showed that sparfloxacin-coated catheters were less colonized by the pathogens when compared with silver-coated catheters and uncoated catheters [79] .
In Vivo Studies:
Silver-coated catheters have been tested in vivo using different animal models, showing diverse effectiveness. Madnakhalikar and collaborators used a mouse model to evaluate the ability of silver-embedded polymers to decrease infection by E. coli. In the mouse model, catheters made of silicone tubing (control) or silicone tubing with silver embedded were inserted into the bladder, followed by 50 µL of E. coli, then after 30 min of the inoculation, the bacteria was removed. After 14 days post infection, the silver-coated catheter showed reduced overall colonization and dissemination of E. coli when compared with the uncoated silicone [83] . Another randomized study of 36 dogs was conducted where half were given a silver-coated catheter and the other half given an uncoated catheter. No statistical difference in the incidence of CAUTI was found, but the mean time to bacteriuria was shorter for the silver-coated group [84] .
Clinical Studies:
In clinical trials, the silver-coated catheters have shown inconsistent results. There are several studies showing that silver coatings are superior in reducing CAUTI than standard urinary catheters. For example, a clinical trial of over 27,000 patients comparing silver-alloy hydrogel-coated catheters vs. siliconized latex catheters, found that the silver-alloy hydrogel-coated catheters decreased the risk of infection by 32% and was estimated to save the hospital between $14,000 and $500,000 [78] . Another clinical trial showed that silver alloy hydrogel reduced 31% the incidence of CAUTIs when compared with uncoated latex catheter [73] . Lastly, Lederer and collaborators compared silver-alloy hydrogel catheters with the hospitals' standard catheter, finding that silver-alloy hydrogel catheters reduced the incidence of CAUTI to 58% or 47%, depending on the CAUTI definition given by the National Healthcare Safety Network (NHSN) or specified clinical criteria, respectively [80] .
On the contrary, other studies have shown no advantage of using a silver-coated catheter. For example, Bologna and collaborators did not find a statistical difference when comparing silver-alloy hydrogel catheters with latex catheters; however, they did observe a trend supporting silver-alloy-coated catheters [72] . Thibon and collaborators also showed no significant difference in the CAUTI incidences between silver-hydrogel-coated catheters and standard catheters when CAUTI was defined as >10 5 colony forming units (CFU) of bacteria and >10 leukocytes per mm 3 [86] . Similarly, Lam and collaborators showed through an extensive literature review that silver-alloy-coated catheters did not show a reduction of CAUTI, but did show a higher level of comfort for patients in comparison to nitrofurazone catheters [27] . Lai and collaborators found no significant reduction in a clinical trial comparing CAUTI rates and the expense of silver-alloy hydrogel-coated catheters with a baseline CAUTI rate and cost of standard non-coated catheters. Although, they suggested that the silver catheter created mild savings for the hospital [87] .
Additionally, several silver-coated catheters have been compared showing different efficacies depending on the silver-coated method used. For example, a small clinical trial of 63 subjects catheterized for more than 24 h after surgery compared silver-alloy-coated hydrogel catheters (control) with a novel (proprietary) silver-impregnated catheter (test). This study showed a trend to lower rates of asymptomatic bacteriuria within the test group, but it was concluded that further testing is needed due to the small size. [81] .
Furthermore, several review articles have done a cost analysis for different modified catheters vs. standard silicone catheters and concluded that silver-coated catheters were 'very unlikely' to be cost-effective when compared to nitrofurazone-coated catheters and other standard catheters. This conclusion was drawn from the higher cost of silver-coated catheters in relation to the reduction in health care costs due to the instances of CAUTI [27, 37] .
Overall, silver-coated catheters show a diverse array of results and are not cost effective relative to other options, making it difficult to justify their use. This may be due in part to the variety of adhesion methods and forms of silver used in the different studies. Further analyses are needed to evaluate the effectiveness of different coating methods.
Nanoparticles
Nanoparticles have become popular as a drug delivery system since they improve bioavailability by enhancing solubility, stability, and biodistribution [88] . Nanoparticles have been used to deliver metals including silver [51, 85, [89] [90] [91] , gold [92] , copper [93] [94] [95] , and zinc [96] . These metal nanoparticles in the context of urinary catheters will be discussed below.
Silver Nanoparticles:
Silver ions have shown mixed results as described above. Additionally, to their toxicity to the host, silver ions irreversibly bind to proteins or molecules, decreasing their antimicrobial activity [89] . However, despite their shortfalls, silver has been incorporated into nanoparticles to overcome some of the negative effects and shown almost identical mechanisms of action [89, 90] . Roe and collaborators showed that silver nanoparticles-coated plastic catheters reduce biofilm formation and growth of several pathogens including E. coli, Enterococcus spp. S. aureus; P. aeruginosa; coagulase-negative staphylococci; and Candida albicans, when compared to uncoated catheters. Additionally, they showed that the silver-coated catheter did not induced inflammation or toxicity when implanted in the dorsal thoracic subcutaneous cavities of male mice. They also showed that the silver molecules released by the catheter were mainly excreted in the feces or held at the site of implant in a period of 10 days [85] . However, inflammation and toxicity assessment would be more reliable in an animal model of CAUTI, since the bladder environment is different from a subcutaneous environment. Alshehri and collaborators showed that silver nanoparticles embedded in hydrogel coating were successful in inhibiting growth of E. coli, Klebsiella pneumoniae, P. aeruginosa, Proteus vulgaris, S. aureus, and P. mirabilis [51] . Despite these positive results, their overall antimicrobial efficiency compared to silver ions is still debated [89] .
Gold Nanoparticles:
The antibacterial activity of these particles is attributable to attachment of the nanoparticles to the bacterial membrane followed by disruption of membrane potential and reduction of ATP level as well as inhibition of transfer ribonucleic acid (tRNA) binding to the ribosome [97] . Gold nanoparticles have been tested in vitro against uropathogens including S. aureus, K. pneumonia, P. aeruginosa, and Enterococcus faecalis. This study assessed the efficacy of gold nanoparticles in inhibiting bacterial growth. A bacterial inoculum was spread onto Muller Hinton agar plates with or without the nanoparticles and were incubated for 24 and 48 h and 96%-100% at 48 h [92] . However, since longer timepoints were not tested, the fact that the bacterial inhibition was not 100% at 48 h brings into question whether gold-resistance is emerging.
Copper Nanoparticles:
Antimicrobial properties of copper (Cu) affects the bacterial cell by entering and binding to DNA-phosphate site and degrading DNA, inactivating essential bacterial enzymes, and causing membrane and cell wall disruption [93, 94, 98, 99] . These interactions lead to cell damage and trigger cell death [93, 94, 99 ]. An in vitro study done by Rtimi and collaborators tested the antimicrobial activity of Cu and silver against E. coli [100] . The authors incorporated Cu alone or in combination with silver onto polyurethane catheter surfaces using a new coating technique that involves using low temperatures/high vacuum magnetron sputtering, providing a uniform and high quality 3D sputtering [100, 101] . Then, E. coli K12 (ATCC23716) culture was added on coated and uncoated catheters and samples were taken at different timepoints up to 30 min and viable bacteria was quantified by CFU counts and by microscopy using live/dead staining. They found that by 2 min of interaction of the bacteria with the coated surfaced, no viable bacteria was recovered [100] .
Zinc-Doped Copper Oxide Nanoparticles:
Although zinc (Zn) has antimicrobial properties, the exact antimicrobial mechanism is not clear. However, it has been suggested that induced production of hydrogen peroxide is a main factor of antibacterial activity and has been used in combination with copper oxide (CuO) to reduce bacterial colonization [93] . For example, Shalom and collaborators tested Zn-doped copper oxide (CuO) nanoparticle antimicrobial activity both in vitro and in an in vivo rabbit model of CAUTI [96] .
Commercially available urinary catheters coated with Zn-doped CuO nanoparticles were found to inhibit over 90% of biofilm formation by E. coli ATCC 25922, S. aureus ATCC 29213, and P. mirabilis in Muller Hinton broth for 24 h under flow conditions when compared to the uncoated catheter [96] . Furthermore, rabbits were catheterized with uncoated and coated-catheters and infected for 7 days. They used scanning electron microscopy (SEM) images to show significant reduction in biofilm formation and urine samples obtained throughout catheterization to show lower CFU counts in animals catheterized with the nanoparticle coated catheter [96] . These results were supported by a previous in vitro study done by Agarwala and collaborators. They tested CuO nanoparticles against S. aureus and E. coli, finding significant antibacterial activity in zone of inhibition tests. This group also tested iron nanoparticles against these pathogens and found it was not as effective as the CuO nanoparticles [95] .
In conclusion, from all the metal-based coatings, silver ions and silver nanoparticles have been extensively tested; however, mixed results have been obtained in clinical studies. It will be of importance to understand the host factors that may play a role in their efficacy. Additionally, we have shown that Cu nanoparticles in combination with Zn and silver nanoparticles showed great antimicrobial activity; however, we need to understand their toxicity levels to the host before bringing these modifications into practice.
Antibiotics
Antibiotics have been used to fight bacterial infections and are the recommended treatment against CAUTI. Over the past few decades, researchers have designed and obtained approval for antibiotic-coated urinary catheters for use in clinical settings. However, due to the higher cost and contradictory results from in vitro studies and in clinical trials, their efficacy is brought into question [4, 25, 63, 74, 77, 79, 91, [102] [103] [104] [105] [106] [107] [108] [109] [110] [111] [112] [113] . The most common antibiotics used include nitrofurazone, gentamicin, fluoroquinolones (norfloxacin, ciprofloxacin, sparfloxacin), triclosan, and chlorhexidine.
Nitrofurazone
Nitrofurazone-impregnated catheters are an example of an antimicrobial catheter available in clinics [37, 102] . Nitrofurazone inhibits DNA replication thus inhibiting growth and biofilm formation [28] . Nitrofurazone-impregnated catheters have been tested against E. coli, K. pneumoniae, Citrobacter freundii, S. aureus, coagulase-negative staphylococci, and Enterococcus faecium, finding that the catheter was able to inhibit growth of all multidrug resistant and susceptible strains with the exception of vancomycin resistant E. faecium [77] .
Although the above in vitro study shows promise for success in vivo, unfortunately, nitrofurazone catheters have yielded mixed results in clinical settings. A randomized clinical trial comparing nitrofurazone-impregnated silicone catheters and non-coated silicone catheter found no reduction on the incidence of CAUTI or bacteriuria [102] . On the contrary, a review of clinical trials showed a reduction of symptomatic CAUTI when nitrofurazone catheters were used in place of teflon-coated latex catheters with a boarder-line significant drop in CAUTI frequency. Another clinical trial comparing nitrofurazone-impregnated catheters with uncoated catheters in patients that were catheterized for less than 1 week showed a lower rate of bacteriuria in the nitrofurazone group [27, 91] .
Patient comfort is also an important factor to account for when testing new material coatings. Unfortunately, nitrofurazone catheters have been reported to be uncomfortable for patients [15, 27, 28] . Importantly, in May 2002, the U.S. Food and Drug Administration (FDA) discontinued approval of nitrofurazone as a topical antiseptic for food-animals and human treatment as it has been shown to be carcinogenic [FDA] . This ban applies to over the counter use of topical nitrofurazone thus, catheters are not included in this reform. Therefore, they are still available for clinic use but interest has slowed and research has turned away from nitrofurazone [28] .
Gentamicin
Gentamicin is a bactericidal broad spectrum aminoglycoside antibiotic (except against streptococci and anaerobic bacteria). It acts by inhibiting protein synthesis by binding the bacterial 30S ribosomal subunit [114] [115] [116] . Gentamicin-coated catheters have been tested in a rabbit model of CAUTI, showing that it successfully reduced the incidence and severity of infection in short-term catheterization. This in vivo experiment was done following promising in vitro tests showing antimicrobial activity and sustained release of the antibiotic over 8 days by embedding the gentamicin in polyethylene-covinyl acetate (EVA) [103] . Additionally, evaluation of the release of gentamicin when embedded in EVA/poly(ethylene oxide) (PEO) was assessed, showing that the gentamicin release was significantly dependent on the coating layer [104] . Moreover, another research group showed that addition of PEG to gentamicin was superior in controlling the release of gentamicin for up to 12 days, extending the previous 8 day release [117] . This group emphasized the release of gentamicin could be manipulated by changing the amount of PEG and initial gentamicin concentration. Despite all the in vitro and in vivo data, further development of gentamicin-coated catheters for use in clinical trials has not yet been described.
Fluoroquinolones
Fluoroquinolones are broad spectrum antibiotics that act by binding to bacterial DNA gyrase and blocking bacterial DNA replication [118] . DNA gyrase is an important bacterial enzyme that introduces ATP-dependent negative supercoiling of double-stranded DNA [118, 119] . Here we will review three fluoroquinolones (norfloxacin, ciprofloxacin, and sparfloxacin), which have been used to impregnate urinary catheters.
Norfloxacin:
Norfloxacin has been used to coat catheter materials and has shown a reduction of bacterial growth in vitro using inhibition zone tests against E. coli, K. pneumoniae, P. vulgaris, and P. aeruginosa [105, 106] . Additionally, Norfloxacin has shown efficacy when combined with other antibiotics against biofilm formation in vitro. For example, in combination with 3% ciprofloxacin and 6% azithromycin showed a sustained release over a period of 4 weeks and a shelf life of 1 year including significant inhibition of microbial growth. This study also concluded that at this concentration, bactericidal activity was effective as early as 24 h [120] . However, norfloxacin-coated catheters efficiency in vivo and in clinical trials has not been evaluated.
Ciprofloxacin:
In an in vivo rabbit model, ciprofloxacin liposomes-impregnated hydrogel Foley catheters were compared to an uncoated hydrogel catheter and then tested against E. coli CAUTI. By culturing urine, it was found that development of CAUTI was delayed from 3.5 days in uncoated catheters to 5.3 days in the modified catheter with ciprofloxacin [70] .
Sparfloxacin:
An in vitro experiment testing sparfloxacin-coated latex catheters ability to prevent E. coli and S. aureus binding using both agar and broth diffusion assays showed significant inhibition of bacterial binding when compared to silver-coated and uncoated catheters [79] . Besides this study, not other in vitro and in vivo studies have been done using sparfloxacin-coated catheter.
Triclosan
Triclosan is a molecule that inhibits the enzymatic activity responsible for fatty acid synthesis [112] . At low levels, it is considered bacteriostatic while at higher levels it is bactericidal [121] . Fatty acid synthesis is necessary for cellular function and growth as it is responsible for phospholipid formation and thus membrane formation. Triclosan has been used as an antiseptic for decades and it is commonly found in household products such as toothpaste and soaps [122] . Recently, triclosan has been proposed as a candidate for coating medical devices, since it chemical properties make it easy to coat the catheter material [113] . Although much research has shown the antimicrobial activity in vitro, its effects on the human body have not been fully studied. This is particularly concerning as triclosan has been removed from use by health care professionals in hospitals and other health care settings [123] . Nevertheless, since there has been no data in humans that shows triclosan leading to antimicrobial resistance, the benefits have compensated for the cost [113] . However, recently researchers have reported triclosan promotes antibiotic tolerance in bacteria both in vitro and in vivo [109, 122, 123] , which fuels the controversy over the efficacy and use of triclosan.
Chlorhexidine
Chlorhexidine is a bacteriostatic molecule at low levels, but at high levels, it is considered bactericidal [124] . Chlorhexidine has a variety of effects on both bacteria and fungi but has a relatively low toxicity in mammals and is commonly used to wash materials and maintain aseptic conditions when placing a urinary catheter [63, 109] . Studies have tested the effectiveness of chlorhexidine when used to rinse out the bladder during catheterization to prevent microbial colonization and found it to be very effective when compared to saline washes [110] . Chlorhexidine has been added to catheters using a variety of techniques, from being impregnated into catheters to directly attach to its surface [108] . For example, in an in vitro experiment, chlorhexidine-filled nanoparticles were successfully spray-adhered, showing sustained released and efficiency to decrease uropathogen adhesion for up to 14 days [111] . Another form of chlorhexidine release has been explored employing a polymer matrix (varnish) with the molecule embedded. The varnish showed a peak in release in the first few hours, then a slow release for the 24 h tested. More importantly, when the chlorhexidine imbedded matrix was submerged in fresh P. aeruginosa inoculum every 24 h for 3 days, the first 2 days showed a significant decrease in bacterial adhesion to the catheter compared to an un-embedded matrix [109] . This study was performed following promising results in vivo to characterize the release of chlorhexidine. The in vivo study was conducted on dogs where catheters in place for greater than 24 h and up to 6 days, showed a reduction in biofilm formation as well as overall bacterial colonization in chlorhexidine varnish catheters compared to unmodified catheters [63] .
In conclusion, antibiotic-coated catheters are promising; however, many pathogens that cause CAUTIs are becoming resistant to even the last line of defense antibiotics such as vancomycin [125] . The use of antibiotics is deterred by the bacteria's ability to become resistant to antibiotics and to form biofilms on the catheter, generating further antibiotic tolerance [126, 127] . Given that antibiotics have different minimal inhibitory concentrations depending on the bacterial group, and that the microbial species diversity that causes CAUTIs is extensive, multiple antibiotics should be used for coating urinary catheters to increase its effectiveness and decrease the potential development of antibiotic resistance.
Nitric Oxide
Nitric oxide (NO) has been used as an antimicrobial for the past five decades and has repeatedly demonstrated its potential for biomedical application [128, 129] . NO covalently binds DNA, proteins and lipids, thereby inhibiting or killing the pathogens [130] . Traditionally NO-donors have been added to the surface of polymers to curb bacterial attachment, but few studies have addressed its efficacy when coating urinary catheters [28, 129] . One such study showed in vitro that gaseous NO-impregnated catheters have a sustained NO release over 14 days with stable storage. Additionally, NO prevented biofilm formation and planktonic growth [129] . Furthermore, another in vitro study showed that NO release rate was faster in the first 24 h when placed in urine instead of water. This faster release was attributed to the pH difference [128] . If acid environment contributes to NO release, a study evaluating the NO release in different urine pH environments is necessary since the pH of the urine in patients is variable, which could affect its efficacy. Furthermore, NO has been shown to play an important role in vasodilatation, neurotransmission, angiogenesis, modulation of wound healing, and nonspecific responses to infection [129] . Thus, further studies are needed to understand the NO effects in the bladder.
Antimicrobial Peptides
Antimicrobial peptides (AMPs) are host defense peptides with robust antimicrobial activity against a variety of pathogens [87] . AMPs possess a net positive charge that interacts with negatively charged bacterial membranes and other cell components such as lipopolysaccharides, leading to destabilization and permeabilization [28, 131] . AMPs can be purified from humans, animals, plants, and bacteria as well as synthesized in a lab and come in a very wide variety of structures [132] . Recently they have become popular as a candidate for catheter modifications; however, the antimicrobial properties vary from peptide to peptide [87] . Here we are reviewing in vitro assessment of several AMP candidates' antimicrobial activity.
An in vitro study showed that attachment of two short arginine (R), lysine (K), and tryptophan (W) rich AMPs, i.e., RWKRWWRRKK (RK1) and RKKRWWRRKK (RK2) to an allyl glycidyl ether (AGE) polymer brush on a silicone surface, killed over 80% of E. coli, S. aureus, and C. albicans in a variety of culture media and reduced their ability to form biofilms on the surface up to 3 days [87] . Monteiro and collaborators isolated the AMP Chain201D (KWIVWRWRFKR) from crowberries, and demonstrated that this AMP has antimicrobial activity against relevant ATCC and clinical strains. This peptide also showed antimicrobial activity against E. coli and S. aureus when immobilized on a silicone based surface. These data further strengthen its candidacy for use on urinary catheters [133] . Another AMP candidate, CWR11 (CWFWKWWRRRRR-NH2), was tethered to a polydopamine polymer on a silicone surface as well as commercially available Foley catheters. CWR11-coated catheter was tested against E. coli, S. aureus, and P. aeruginosa, showing both antimicrobial activity and lowered bacterial attachment. Additionally, CWR11 did not show cytotoxicity to both urothelial and blood cells in vitro [33] . Furthermore, the synthesized cysteine labeled peptide E6 (RRWRIVVIRVRRC) was immobilized on polyurethane tubing via a polymer brush coating, which allowed for testing both in vitro and in a mouse model of CAUTI. In vitro testing showed a reduction in P. aeruginosa and S. aureus ability to bind to the catheter while in vivo showed reduction of P. aeruginosa adhesion to the catheter and bacterial titers in the bladder. Additionally, AMP E6 showed biocompatibility when tested against bladder epithelial and fibroblast cells in cell culture [134] .
In summary, although AMPs research is still in early research stages as they were only discovered in the 1990s [59] , many of these peptides show great catheter coating potential but need to be further tested in vivo and in clinical studies. In vivo studies will provide a better idea of the effects of the bladder environment on the peptides, which are susceptible to enzymatic degradation.
Bacteriophages
Bacteriophages are viruses specific to the bacteria [68] . It is estimated that phage predation reduces the global bacterial population by half every 48 h [135] . Bacteriophages are argued to be a good option for catheter coatings as: 1) they have potential as biofilm control agents because their specificities can be tailored to target certain pathogens; 2) they are self-replicating in the presence of their host cells and are eliminated by the body in the absence of host cells; 3) they can be used effectively against multidrug-resistant bacteria; and 4) multiple phages can be combined to broaden the effective range of the treatment [68, 69, 135] . Although, the full timeline of phage activity is still unknown, there is evidence that bacteriophages only delay bacterial biofilm formation [68] . Based on this and results of bacteriophage activity on biofilms have showed potential for bacteriophages to be efficient for short term catheterization [68] . Several bacteriophages have been tested in the context of urinary catheters; here we are discussing the effectiveness of bacteriophages-impregnated catheters against S. epidermidis, E. coli, P. mirabilis, and P. aeruginosa catheter colonization.
In an in vitro study, Phage 456 was impregnated onto a hydrogel Foley catheter and tested against coagulase-negative S. epidermidis biofilm formation, finding that the bacteriophage significantly reduced viable biofilm formation over a 24-h exposure period. Furthermore, supplementation with cations doubled the decrease of CFU counts on the catheter [136] . Another study used T4 or E. coli-P. mirabilis' bacteriophages-impregnated onto hydrogel-coated Foley catheters to test their ability to reduce biofilm formation in vitro. Foley catheters were incubated in a phage-containing solution for 1 h, and then exposed to P. mirabilis or E. coli for 24 h. This study showed that these bacteriophages were able to reduce biofilm formation by over 90%. [135] .
Furthermore, another study impregnated hydrogel catheters with a mixture of bacteriophages isolated from wastewater specific to P. aeruginosa (six specific phages) and P. mirabilis (four specific phages) by incubating the catheters with the phages for 1 h. The bacteriophage-impregnated catheters were tested in vitro against P. aeruginosa and P. mirabilis biofilm formation in artificial urine medium. The biofilm formation was monitored for over 72 and 96 h, finding that biofilm formation was reduced 4 logs in P. aeruginosa and 2 log in P. mirabilis [68] . Additionally, this same group previously tested S. epidermidis and P. aeruginosa with bacteriophages on catheter material and found coatings with multiple phages are more effective than coatings with single phages [137] .
Another study raised concerns surrounding a successful trigger for the release of bacteriophages from the surface of the catheter in response to infection. This study used a pH sensitive polymer layer (EUDRAGIT S 100) by adding it after phage attachment within a hydrogel coating. The goal of this pH-mediated release was not to prevent biofilm attachment but to prevent incrustation of the catheter lumen. The catheters were analyzed by scanning electron microscopy showing a reduction of encrustation [69] .
In summary, phage-impregnated catheters hold enormous potential since they do not promote antimicrobial resistance and it is species-specific, preserving the normal microflora. A shortfall of this approach is that a variety of pathogens can cause CAUTI and most of the time there are polymicrobial infections; thus, it is crucial to identify the pathogen in order to target it.
Natural Bioactive Molecules
A variety of bioactive molecules that are natural in origin have been tested for antimicrobial properties, a revolution brought about by the push for more eco-sustainable anti-biofilm molecules [47, 138] . Examples of these include natural oils such as eucalyptus and tea tree oils [139] [140] [141] . Martur and collaborators tested in vitro the efficacy of eucalyptus essential oil on catheters against P. mirabilis biofilm formation. SEM analysis showed that eucalyptus oil had a strong biofilm inhibitory effect. Another in vitro study assessed the antimicrobial activity of essential oils such as tea tree oil, terpinen, cineole, and eugenol against P. mirabilis planktonic and biofilm states in urine. They found that all four oils have antimicrobial effect against both planktonic cells and biofilms. However, eugenol exhibited a greater antimicrobial effect [142] .
Salicylic acid is a naturally occurring bioactive molecule with antimicrobial activity [143] . It has been shown that in S. epidermidis, salicylic acid inhibits several bacterial factors such as teichoic acid production, type1 antigen, polysaccharides, and adhesins [144] . Nowatzki and collaborators evaluated E. coli and P. aeruginosa biofilm formation on salicylic acid-coated catheters, finding significant reduction in biofilm formation. Furthermore, they assessed E. coli biofilm formation on the coated catheters in an in vitro urine flow model, showing a reduction on E. coli biofilm formation up to 5 days [143] .
In summary, natural biomolecules have shown antimicrobial activity in vitro; however, these biomolecules should be tested in an animal model of CAUTI to further validate their effectiveness prior to clinical testing.
Microbe Responsive Coatings
Microbe responsive coatings are made to respond to the environment that microbes create during infection [145] . These coatings are paired with an antimicrobial, which is released or exposed on queue of an environmental factor. An example of these is lipase sensitive linker attaching antibiotics and molecules that have been shown to disrupt quorum sensing of bacteria [145] . In the presence of bacteria which release lipase, the link between the molecule and the catheter surface is broken and the molecule released [146] .
Miscellaneous Coatings
Bacterial Interference
The driving idea behind bacterial interference is to use the native flora (passive interface) or bacteria of low virulence (active interference) to compete against the pathogen by creating colonization resistance [147] . In instances where natural bacterial flora may not provide adequate resistance to colonization and/or infection, active bacterial interference can be useful by intentionally administering into the human body bacteria of low virulence that could replace the pathogens [147] .
In a clinical trial, the benefits of bacterial interference were assessed using a benign E. coli strain in male patients with spinal cord injury that practice intermittent catheterization and have experienced at least one UTI episode within a year. Lubricious coated latex catheters (Bardex) were pre-inoculated with E. coli 83972 for 48 h. Then, thirteen patients were catheterized with the pre-inoculated catheters for 3 days. After 43 days after catheter removal, eight out of thirteen patients were still colonized (>10 2 CFU/mL). Interestingly, the eight colonized subjects had lower rate of UTI of (0.77 per patient-year) when compared with their UTI rate prior the enrollment (2.27 UTI per patient-year). The authors concluded that E. coli 83972-coated urinary catheters are a viable means to achieve bladder colonization with this potentially protective strain in persons practicing intermittent catheterization [148] .
Another clinical study from the same group assessed whether bacterial interference would prevent CAUTI in patients with long-term indwelling catheters [149] . This study selected ten adult patients requiring a urinary catheter, had at least one prior symptomatic UTI and pre-existing bladder colonization. Prior to the bacteria-coated catheter placement, patients received antibiotics followed by a washout period. During the patient preparation time, Foley catheter (Bardex; Lubricath) were pre-incubated with probiotic E. coli HU2117 strain for 48 h followed by placement of the pre-coated catheter. The authors followed cultivable microorganisms in the bladder and sampled urine for microbial community profiling using 16S rRNA gene [149] . They found that eight of the ten patients were colonized with E. coli HU2117 for 57.7 days. However, despite the probiotic colonization, the rates of UTI did not change before, during, and after bladder colonization in all ten subjects and the bacterial diversity was not significantly affected by E. coli HU2117. The authors conclude that bacterial interference was not an effective means for preventing bladder colonization by pathogenic bacteria or for preventing CAUTI. The authors agree with the fact that it was a small clinical trial without a control group, making it difficult to draw conclusions. Importantly, two cases of bacteremia were definitively caused by E. coli HU2117, the probiotic strain [149] .
In conclusion, there are not enough clinical studies to validate the beneficial use of bacterial interference. Importantly, urinary catheterization changes the bladder environment creating ideal conditions for colonization by even non-pathogenic strains [150] . Therefore, active bacterial interference may become a major problem if the probiotic is able to take advantage of the bladder changes induced by the catheter, causing CAUTI and bacteremia as shown above.
Combination Therapies
Combinatorial therapies have shown positive results in vitro, examples of these combinations are: (1) silver with several antimicrobial or antifouling compounds such as norfloxacin [151] , amikacin [82] , nitrofurantoin [82] , chlorhexidine [152] ; phosphorylcholines [75] ; hydroxyapatite [76] ; or even plasma [153] ; (2) polyzwitterions with cellobiose dehydrogenase [45] ; (3) antimicrobial peptide temporin 1Tb with EDTA [154] ; (4) chlorhexidine with gentian violet against Candida spp. [107] , and (5) bacteriophage with a pre-established biofilm of non-pathogenic E. coli HU2117 on catheter against P. aeruginosa [155] . In summary, combinatorial therapies have been used to prevent development of drug resistance and also to fight multidrug resistant pathogen.
Perspectives
Inconsistencies in Testing New Coatings
There is no doubt that many efforts have been made to create new urinary coatings that will prevent and eradicate microbial colonization. However, the fact that there are inconsistencies in the testing strategies both in vitro and in vivo makes it difficult to do a comprehensive evaluation of the different coatings. For example, the majority of the in vitro studies instead of using urine use laboratory rich or defined culture media when testing biofilm formation or survival. Several reports have shown that laboratory culture media do not recapitulate the catheterized bladder environment experienced by pathogens [64, 156, 157] . Additionally, bacterial persistence and survival may be different between laboratory media and urine, since urine culture conditions have been shown to activate different bacterial transcriptional profiles than when grown in defined media [64, 156, 158, 159] . Another variability factor is the oxygen concentration during the in vitro assays; many of these tests have been done under shaking conditions, where oxygen is incorporated into the system, accelerating bacterial growth. The amount of oxygen added is based on a variety of factors including culture volume, shaking speed, and culture duration. Maier and collaborators determined a linear relationship for the rate of oxygen transfer (mmol/L/h) in 250 mL flasks with 26 mL of culture at varying rates of agitation. At 150 rotations per minute (rpm) the oxygen transfer rate was 11 mmol/L/h and at 300 rpm the rate was approximately 20 mmol/L/h. This is important to note because accelerated growth due to oxygenation alters the transcriptional profile of microbes [160] . It has also been shown that biofilm formation induced an oxygen gradient, which led to spatially distinct expression programs by the UTI pathogens tested [161] . Importantly, oxygen concentration in urine from patients has been shown to be relatively low, ranging from 4.2 mg/L in healthy individuals to 2.8 mg/L in patients with urinary tract infections [103, 162] . Together this suggests the amount of oxygen incorporated during shaking is substantially greater than that found in the in vivo bladder environment and the use of shaking for in vitro experiments does not successfully mimic the in vivo environment.
Another issue arises from the media itself, it was discovered that in mice and humans, urinary catheterization causes physical trauma to the lining of the bladder, inducing an inflammatory response and consequently, changing the bladder environment [66, 125, [163] [164] [165] [166] . As part of the inflammatory response, serum proteins are released and accumulated into the bladder and deposited onto the urinary catheter [64] [65] [66] 150, 167] . Therefore, urinary catheterization creates a new niche that is often not efficiently mimicked in in vitro studies [157] , leading to frustration when promising coating modifications fall short in clinical trials.
In addition to culture conditions, there are several inconsistencies on the methods of examination, such as: (1) experiment duration; (2) inhibitory concentration (zone of inhibition plate assay vs. an actual minimal inhibitory concentration assay); or even (3) the type of assay (survival or binding assays or both); of course the selection will be different if testing antifouling vs. antimicrobial coatings. Due to heterogeneity among studies, it is difficult to reliably comment on the clinical potential and efficacy of different coating materials.
Challenges in Fighting CAUTIs
Furthermore, one of the major challenges is to achieve adequate local delivery of the antimicrobial during infection. Often, controlled drug delivery systems rely on sustained passive delivery, although this often results in exposure of bacterial pathogens to sub-lethal antimicrobial doses. Additionally, the release of antimicrobial compounds may also be hindered by the deposition of host proteins onto the catheter due to inflammatory response caused by the urinary catheterization [64, 65, 150, [166] [167] [168] . All of these together may explain why promising coating technologies in vitro yield mixed results when tested in clinical trials [102] . Importantly, the sub-lethal concentration of antimicrobials may potentially contribute to the continued development of multidrug-resistance among uropathogens [69] .
Based on the challenges that we are facing with the development of multidrug resistance, it is necessary to move away from antibiotics and elements that are bactericidal. By understanding the host response to urinary catheterization and infection, more efficient coating and modifications can be developed. Recently, it was found that one of the host proteins released by the inflammatory response, fibrinogen, is essential for biofilm formation in vivo by several prevalent uropathogens such as enterococcal strains, methicillin-resistant S. aureus, Acinetobacter baumannii, and even the fungal pathogen C. albicans [64, 65, 150, [166] [167] [168] . The fact that different groups of pathogens use host proteins for biofilm formation suggests a common pathway for colonization in the catheterized environment. The field should move towards developing more antifouling coatings that inhibits host-protein deposition and biofilm formation. Targeting a universal host factor that is important for establishing colonization by a variety of microbes will be more effective than targeting a group of pathogens, or a single species, by using other coatings (i.e., antibiotics or bacteriophages), since our current understanding of CAUTI does not allow to predict what type of pathogen will infect a specific patient. Moreover, by preventing biofilm formation without antimicrobial pressure, the contribution to antimicrobial resistance will be null or minimal.
Conclusion
Despite numerous prevention and treatment strategies [125] , CAUTIs are still a major health care burden. Extensive research has been focused in prevention approaches, targeting microbial adhesion, subsequent colonization, and biofilm formation. One of the major areas of research is the development of antifouling and/or antimicrobial catheter coatings, which has generated promising modifications against a variety of microbes. However, the major problem with these coatings is their unsuccessful translation into clinical settings. As discussed in this review, even modifications that have made into medical practice have shown inconsistencies in effectiveness supporting this failed transition. Therefore, the question is: why do such promising coatings that come out of research fall short when translated to the bedside? One explanation is that there are major discrepancies in experimental testing and lack of in vitro recapitulation of the host environment. For this reason, it is essential that potential coatings in an in vitro phase should be tested in conditions that mimic the catheterized bladder environment and needs to be tested in an animal model of CAUTI before reaching clinical trials. 
